Coccidioides immitis, the etiologic agent of coccidioidomycosis, grows in the soil in a mycelial form which gives rise to infectious arthroconidia. The arthroconidia become airborne and, when inhaled by a susceptible host, convert into a parasitic phase characterized by endosporulating spherules (10) . The disease has protean manifestations, ranging from an acute pneumonic process to a chronic, progressive disseminated disease involving virtually any organ, with the exception of the gastrointestinal tract (12) . Clinical and radiologic manifestations of coccidioidomycosis may be indistinguishable from viral pneumonia, tuberculosis, malignancies, and other mycotic diseases, and in the absence of positive cultures or smears, a differential diagnosis is often dependent upon demonstrating immunoglobulin G (IgG) complement-fixing (CF) antibody to C. immitis (12, 19, 25) .
The CF antibody is detected by the classical CF test (24) or an immunodiffusion assay for CF antibody (13) using antigenically heterogeneous extracts prepared as culture filtrates of C. immitis. The utility of the CF assay is compromised by the detection of cross-reactive antibodies to other fungi, notably Histoplasma capsulatum and Blastomyces dermatitidis, and although the immunodiffusion assay for CF antibody is highly specific, it has a low level of sensitivity. The development of a sensitive and specific immunoassay, such as an enzyme-linked immunosorbent assay, has been thwarted by the lack of a highly purified antigen. In previous studies from this laboratory, we isolated the CF antigen from coccidioidin (CDN) by using a combination of physiochemical procedures and produced a polyclonal goat anti-CF serum and a murine IgG1 monoclonal antibody (MAb) directed against a CF-specific epitope (4, 8) . The anti-CF antibodies proved to be effective ligands for isolating the antigen directly from CDN, but because of their high affinity, problems were encountered in recovering the antigen in a biologically active form (3) . Johnson and Pappagianis (14) showed that the CF antigen has chitinase activity and, by using insoluble chitin as a ligand, isolated the CF/chitinase protein directly from a culture filtrate of spherule-phase cells. Although affinity and immunoaffinity adsorption are effective means for isolating the CF/chitinase protein directly from CDN or spherulin, additional procedures are needed to purify the CF/chitinase protein to homogeneity. To circumvent this problem, we undertook an investigation to produce a recombinant protein by identifying and cloning the CF/chitinase cDNA. A preliminary report of this work was presented at the National Institutes of Allergy and Infectious Diseases Third Workshop on Medical Mycology (30) .
MATERIALS AND METHODS
Isolation of spherule-phase RNA. C. immitis Silveira (ATCC 28868) was maintained in the spherule phase by weekly subcultures in modified Converse broth medium at 40ЊC with constant shaking at 200 rpm under a humidified atmosphere consisting of 22% CO 2 , 21% O 2 , and 57% N 2 (5). Spherule-endospore cells were harvested by centrifugation (1,000 ϫ g) and washed in diethylpyrocarbonate-treated distilled water. The cells were suspended in diethylpyrocarbonate-water, mixed with glass beads (diameter, 0.45 to 0.6 mm), and mechanically disrupted in a Braun homogenizer at 2,000 rpm for 90 s under a CO 2 -cooling device. TriSolv reagent (BioTecx, Houston, Tex.) was added to lyse the cells completely, and the RNA was extracted with chloroform and precipitated by isopropanol (22) . The RNA precipitate was washed two times with 70% ethanol and dissolved in diethylpyrocarbonate-water. Poly(A) ϩ RNA was isolated by chromatography of the RNA on a poly(dT)-nitrocellulose column (Stratagene, La Jolla, Calif.).
Construction of cDNA library. The cDNA library was constructed with the lambda ZAP phage vector (Stratagene). First-strand cDNA was synthesized from 5 g of the poly(dT)-purified mRNA by use of a XhoI linker-poly(dT) primer and StrataScript RNase H Ϫ reverse transcriptase. Second-strand cDNA was synthesized by Escherichia coli DNA polymerase I. The synthesized, doublestranded cDNA was blunt ended with cloned pfu DNA polymerase, ligated to EcoRI adapters with T4 DNA ligase, and digested with XhoI and EcoRI to yield cDNA molecules with an EcoRI cohesive end at the 5Ј end and a XhoI cohesive end at the 3Ј end. The cDNA was isolated by chromatography on Sephacryl S-400, ligated to the ZAP Express vector (predigested with EcoRI and XhoI), and packaged into Gigapack II packaging extract (Stratagene). The library was titered by plating a 0.7% agarose mixture containing the phage, E. coli XL1-Blue MRFЈ, 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal), and isopro-pyl-␤-D-thiogalactopyranoside (IPTG) on top of an NZY plate and enumerating plaques after a 6-to 8-h incubation at 37ЊC. More than 95% of the plaques were recombinants on the basis of the ratio of blue to white plaques. The library was amplified once in E. coli XL1-Blue MRFЈ and stored at Ϫ70ЊC for further use.
Immunoscreening. The cDNA-lambda ZAP library was plated at a density of 10 4 PFU/150-mm plate, and after a 4-h incubation at 42ЊC, a nitrocellulose membrane, presoaked in a 10 mM IPTG solution, was applied to the plate. The plates were incubated for 4 h at 37ЊC, the first membrane was removed and washed in blocking buffer, and a replicate membrane was applied to the plate overnight at 37ЊC.
Immunoscreening was performed by use of a hyperimmune goat antiserum to CDN, a goat antiserum specific to the CF antigen, and a murine IgG1 anti-CF MAb, which were produced and characterized in earlier reports from this laboratory (references 4, 6, and 8, respectively). The goat antisera were diluted 1:2,000, and the MAb was diluted 1:100 in Tris-buffered saline (20 mM Tris-NaCl [pH 7.5], 0.15 M NaCl; TBS) containing 1% bovine serum albumin (BSA). Normal goat serum and an irrelevant murine IgG MAb, diluted 1:2,000 and 1:100, respectively, were included as negative controls. The antibody preparations were incubated with the nitrocellulose membranes for 2 h at 25ЊC, and the membranes were washed with TBS containing 0.05% Tween 20 and reacted with alkaline phosphatase-conjugated rabbit anti-goat IgG or goat anti-mouse IgG, both diluted to 1:1,000. Following a 1-h incubation at 25ЊC, the reactions were visualized by the addition of the substrate 5-bromo-4-chloro-3-indolyl-phosphate-Nitro Blue Tetrazolium (Kirkegaard & Perry Laboratories, Gaithersburg, Md.). The antibody preparations used in the preceding procedures were preadsorbed with an E. coli phage lysate obtained from Stratagene.
Nucleic acid sequence analyses. Positive clones were plaque purified and converted to pBK-CMV recombinant plasmids by in vivo excision with the R408 helper phage (Stratagene). The recombinant plasmids were purified with a Wizard miniprep system (Promega Corporation, Madison, Wis.) and subjected to DNA primary sequencing by the dideoxy chain termination method (23) using Sequenase version 2.0 (Amersham Life Sciences, Cleveland, Ohio). One representative clone was chosen for the full-length cDNA sequencing. The clone was amplified and purified by equilibrium centrifugation in a cesium chlorideethidium bromide gradient, and the complete sequence of both strands was determined at the Center for Advanced DNA Technologies at the University of Texas Health Science Center in San Antonio with an Applied Biosystems (Foster City, Calif.) Model 373A DNA sequencer.
Computer analysis of sequence data. DNA and protein sequence homology searches were carried out with the BLAST program (1) available from the National Biomedical Research Foundation (National Institutes for Medical Research, Bethesda, Md.). Sequence comparisons and multiple protein sequence alignments of members of the chitinase family were performed with the GCG program (9) .
Expression of the CF cDNA as a GST fusion protein. The cloned cDNA insert was expressed with the pGEX-4T-3 plasmid vector (Pharmacia Biotech, Piscataway, N.J.). This vector contains the gene that encodes glutathione S-transferase (GST) and expresses the recombinant product as a GST fusion protein (26) .
E. coli TG-1 cells were transformed with the pGEX-4T-3 vector carrying the cDNA and grown to 0.6 to 0.8 optical density unit (600 nm, 1-cm light path) in 100 ml of 2ϫ YTA medium (1% yeast extract, 1.6% tryptone, and 100 g of ampicillin per ml in 0.5% NaCl [pH 7.0]) at 28ЊC under vigorous shaking. The GST fusion protein was induced by the addition of IPTG (final concentration, 0.1 mM), and after a 4-h incubation, the bacteria were pelleted by centrifugation at 3,000 ϫ g and washed by centrifugation in 0.01 M sodium phosphate buffer (pH 7.2). The cells were resuspended in 5 ml of phosphate buffer containing 1.0 mM phenylmethylsulfonyl fluoride and 5 mM dithiothreitol and then disrupted by three successive 10-s periods of sonication in a Virsonic 60 sonicator (Virtis Company, Gardiner, N.Y.). The lysate was centrifuged at 12,000 ϫ g for 15 min, and the supernatant was collected and applied to glutathione-Sepharose 4B beads (Pharmacia). The bound GST fusion protein was desorbed by the addition of 5 mM reduced glutathione and stored at Ϫ20ЊC for further study.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting (immunoblotting).
The GST-CF fusion protein was diluted in buffer containing 4% SDS, 4.0% 2-mercaptoethanol, 0.001% bromophenol blue, 0.05 M Tris hydrochloride, and 10% glycerol and heated for 5 min in a boiling water bath. The samples (2 g as protein) were coelectrophoresed with molecular size markers (GIBCO BRL, Gaithersburg, Md.) through a 4 to 20% polyacrylamide gel under reducing conditions and stained for protein with Coomassie blue. For Western blotting, bands on a replicate gel were electrophoretically transferred to nitrocellulose acetate membranes (Optitran; Schleicher & Schuell, Inc., Keene, N.H.) overnight. The membranes were blocked with 1% BSA, and individual lanes were reacted with goat anti-CDN (1:1,000), goat anti-CF (1: 1,000), the murine anti-CF MAb (1:100), CF antibody-positive serum from a patient with disseminated coccidioidomycosis (1:200), or goat anti-GST (1:800; Pharmacia). Normal goat serum, an irrelevant murine IgG MAb, and serum from a healthy, CF antibody-negative person were included as negative controls. Following incubation with the antibody preparations for 1 h at 25ЊC, the membranes were washed and then incubated for 1 h at 25ЊC with alkaline phosphatase-conjugated rabbit anti-goat IgG, goat anti-mouse IgG, or goat antihuman IgG (Kirkegaard & Perry Laboratories), each at a dilution of 1:1,000. The reactions were visualized by the addition of substrate as described above.
Chitinase assay. Chitinase activity was assayed by the ability of the GST-CF fusion protein to release 4-methylumbelliferon Northern (RNA) blotting. Northern blot analysis was performed with a CFchitinase cDNA probe generated by the PCR cloning method (22) . The oligonucleotide primer set was synthesized on the basis of the nucleic acid sequence of the cloned cDNA. The forward primer (5Ј ATTATCAAGATCGACGA CAGA 3Ј) and the reverse primer (5Ј TTAACTGCCTGACTAACTAGTT 3Ј) were designed to flank a cDNA fragment of 1,569 bp without a poly(A) tail. PCR was performed in a total volume of 100 l containing 2 ϫ 10 6 recombinant phage, 10 pmol of each oligonucleotide primer, 500 nmol of each deoxynucleoside triphosphate, 100 mM Tris-HCl (pH 8.3), 5 mM KCl, 1.5 mM MgSO 4 , 0.01% gelatin, and 5 U of Taq polymerase (Boehringer Mannheim Biochemicals, Indianapolis, Ind.). Amplification was performed in a PTC-100 thermal controller (MJ Research Inc., Watertown, Mass.) programmed for 25 cycles of 2 min at 94ЊC, 1 min at 55ЊC, and 2 min at 72ЊC. The amplified fragment was cloned into a PCR cloning vector (pGEM-T) as described in the manufacturer's instructions (Promega Laboratories, Madison, Wis.). The recombinant plasmid was isolated, and the cDNA insert was released by digestion with ApaI and NotI and purified by Geneclean (Bio 101, Vista, Calif.). The insert was labeled with [␣- Forty micrograms of total cellular RNA from C. immitis spherules was electrophoresed in a 1% agarose gel containing 0.41 M formaldehyde for 4 h at 80 V. The electrophoretically separated fragments were transferred to a Nytran membrane by using Turboblotter (Schleicher & Schuell) and hybridized overnight at 42ЊC in hybridization buffer containing 50% formamide, 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% SDS, 10% dextran sulfate, and the 32 P-labeled CF/chitinase cDNA probe. The blot was washed with 2ϫ SSC and 0.1% SDS at 42ЊC for 30 min and then with 0.1ϫ SSC and 0.5% SDS at 60ЊC for 15 min and developed by autoradiography.
RESULTS
Selection and analysis of recombinant phage clones. Approximately 3 ϫ 10 5 recombinant plaques were screened initially with a polyvalent goat anti-CDN. Thirty-five clones that showed strong reactivity with the goat anti-CDN were pooled, plated, and assayed for reactivity with the goat anti-CF serum and the murine anti-CF IgG1 MAb. A total of 15 clones, selected on the basis of their reactivity with the anti-CF antibodies, were excised in vivo and converted to pBK-CMV recombinant plasmids. The cDNA insert from each of the recombinant plasmids was released by double digestion with EcoRI and XhoI and subjected to agarose gel electrophoresis in parallel with molecular size markers. Thirteen of the 15 clones were found to contain a 1.6-kb cDNA insert. Primary nucleic acid sequencing of 250 bp at both the 5Ј and 3Ј ends showed that the inserts from these 13 clones had identical sequences. From these, one representative clone was chosen for full-length automatic nucleic acid sequencing on an Applied Biosystems Model 373A DNA sequencer.
The results, depicted in Fig. 1 , established that the cloned cDNA insert consists of 1,623 bases containing a single open reading frame of 1,281 bp (from the first start codon at residue 51 to the first stop codon at residue 1332). The open reading frame predicts a protein of 427 amino acids with the estimated molecular size of 47 kDa.
Sequence comparisons of cloned cDNA with microbial chitinases. A GenBank database search showed 71% homology between the nucleotide sequence of the cloned cDNA and the sequence of a chitinase from Aphanocladium album (2) . Alignment of the deduced amino acid sequence established that the cloned cDNA shares partial homology with two highly conserved domains present in chitinases from A. album (2), Bacillus circulans (29) , Serratia marcescens (16) , and Saccharomyces cerevisiae (17) (Fig. 2) .
Expression and immunoreactivity of the recombinant fusion protein. The cDNA insert was subcloned into the pGEX-4T-3 vector and expressed in E. coli TG-1 cells. After a 4-h induction with IPTG, the host cells were lysed and the GST fusion protein was isolated by affinity chromatography with glutathioneSepharose 4B. SDS-PAGE analysis of the affinity-purified fusion protein showed a prominent band at 78 kDa (Fig. 3) . This band was strongly reactive in Western blots probed with goat anti-CDN, goat anti-CF, the murine anti-CF MAb, CF antibody-positive serum from a coccidioidomycosis patient, and goat antiserum to GST (Fig. 4) . Additional minor bands of smaller molecular size were also detected by SDS-PAGE and in immunoblots probed with the anti-coccidioidal and anti-GST antibodies but not by normal or irrelevant antibodies, indicating that they might be proteolytic products. Although these smaller-sized peptides were detected even when the protease inhibitor phenylmethylsulfonyl fluoride was included during the isolation procedure, it is possible that degradation occurred in situ during the expression phase in E. coli, that is, before the inhibitor was added. Chitinase activity of recombinant fusion protein. The GST fusion protein and, for comparative controls, chitinase from S. marcescens and the GST peptide alone were assayed for enzyme activity by use of 4-Muf-conjugated substrates. The results, depicted in Fig. 5 , established that the fusion protein and S. marcescens chitinase showed activity against chitin (4-MufGlcNAc2) and lysozyme (4-Muf-GlcNAc3) but not 4-Muf-Glc. The GST peptide alone was without enzyme activity.
Northern analysis. The size of the mRNA transcript encoding the CF/chitinase protein was determined by Northern blot analysis. Hybridization of spherule RNA with the 32 P-labeled CF/chitinase cDNA probe revealed a single band having a molecular mass of approximately 1.6 kb (Fig. 6 ). This size is in agreement with that of the cloned cDNA insert (Fig. 1) .
Sequence comparisons of CF/chitinase cDNA with mature CF/chitinase protein. The deduced amino acid sequence of the cloned CF/chitinase cDNA was aligned with the N-terminal amino acid sequence which Johnson et al. (15) reported for the mature CF/chitinase. As shown in Fig. 7 , the amino acid sequence of the cloned cDNA contains a 35-amino-acid region, beginning at Ser-18 and ending at Arg-52, which shows 91% identity with that of the mature CF/chitinase protein. The first 17 amino acids on the CF/chitinase cDNA product were lacking on the mature CF/chitinase protein, indicating that this portion of the cDNA was not translated or, alternatively, was cleaved posttranslationally. The latter possibility is supported by the similarity in the composition of the 17-amino-acid sequence with that of signal peptides, namely, a positively charged residue (Arg-2) at the N terminus, a stretch of hydrophobic amino acids, and a putative signal peptidase cleavage site (Val-Glu-Ala) (7, 20, 28) . If there is no additional processing of the CF/chitinase protein after cleavage of the 1.8-kDa signal peptide, the mature CF/chitinase protein would have a size of approximately 45 kDa, which is concordant with our previous report that the secreted antigen is detected as a 43-to 45-kDa couplet band in SDS-polyacrylamide gels and immunoblots (8).
Pan et al. (18) recently reported the isolation of a chitinase gene fragment from C. immitis genomic DNA by PCR cloning.
The primer set consisted of a forward primer based upon the N-terminal sequence of the CF/chitinase protein that was published by Johnson et al. (15) and a reverse primer based upon a conserved internal amino acid sequence of chitinases from other fungi. As shown in Fig. 7 , the deduced amino acid sequence of their PCR product has 99% homology with a 150-amino-acid region within the translated sequence of our CF/ chitinase cDNA, beginning with Met-23 and ending at Pro-173. Their PCR-generated gene fragment lacked the 17-amino-acid signal peptide present on the CF/chitinase cDNA and the first 5 amino acids on the mature CF/chitinase protein.
Nucleotide sequence accession number. The nucleotide sequence and the deduced amino acid sequence of the cloned CF/chitinase cDNA have been deposited in GenBank under the accession number U33265.
DISCUSSION
We report the identification and cloning of C. immitis CF/ chitinase cDNA from a cDNA-lambda ZAP expression library that was constructed from spherule-derived RNA. Nucleic acid sequencing showed that the cloned cDNA contains 1,623 bp, containing a single open reading frame of 1,281 bp, which encodes a protein of 427 amino acids having a predicted size of 47 kDa. A 35-amino-acid region, beginning at Ser-18 and ending at Arg-52, shows 92% homology with the reported Nterminal sequence of the mature, secreted CF/chitinase protein (15, 21, 22) . The first 17 amino acids present in the deduced sequence of the cloned cDNA were not detected on the mature CF/chitinase protein. This peptide has a hydrophobic core composition and a putative cleavage site which suggests that it functions as a signal peptide. The CF/chitinase mRNA transcript was detected as a single band in Northern blot analysis of spherule RNA.
To our knowledge, this is the first report on the identification and cloning of the entire coding sequence for the CF/ chitinase protein. Although Pan et al. (18) have reported the isolation of a chitinase gene fragment from C. immitis genomic DNA by PCR cloning, their PCR-generated product lacked the sequence for the 17-amino-acid signal peptide; this was due to the fact that they used an oligonucleotide primer based VOL. 64, 1996 CLONING OF COCCIDIOIDES IMMITIS CF GENE 1995 upon the reported sequences for the mature (secreted) protein. Thus, their procedure precluded the detection of any sequences upstream of the N terminus of the mature protein.
Our approach, by contrast, identified coding sequences by screening fusion proteins with anti-CF antibodies and then cloning the cDNA insert for use in identification of the complete message.
A major goal of investigators in this field has been to purify the CF antigen for use in the development of a sensitive and specific immunoassay for detecting anti-Coccidioides CF antibody. Towards this goal, Zimmer and Pappagianis (31) identified the CF antigen as a 48-kDa peptide (subsequently characterized as a 48-to 50-kDa couplet [14] ) by immunoblotting with CF antibody-positive coccidioidomycosis sera. Concomitant with those studies, we identified the CF antigen by comparing the CF activity and antigenic composition of CDNderived fractions in two-dimensional immunoelectrophoresis against a hyperimmune goat anti-CDN and, by using the precipitin arc as an immunogen, developed a monospecific goat anti-CF (6) . In a subsequent study, Dolan and Cox (8) developed a murine IgG1 MAb which recognizes a peptide epitope that is specific to the CF antigen. Immunoblots of CDN and spherulin (8) probed with polyclonal goat anti-CF, the murine anti-CF MAb, and CF-positive sera from coccidioidomycosis patients yielded a 43-to 45-kDa couplet band (8) . Although the size of the CF couplet band detected in our studies was lower than that reported by Zimmer and Pappagianis (14) , both the 43-to 45-kDa and 48-to 50-kDa couplet bands were shown to be labile to heat treatment (56ЊC, 30 min) and proteolytic enzymes but resistant to periodate oxidation or treatment with glycolytic enzymes (6, 8, 14) , indicating that they are the same proteins. This conclusion is further supported by the fact that both we (8) and Zimmer and Pappagianis (14) showed that the couplet bands represented a product of a native 110-kDa protein, as evidenced by the detection of the latter as opposed to the couplet bands when blotting was performed with gels that had been electrophoresed under nondenaturing, nonreducing conditions. In this investigation, the size of the recombinant CF/chitinase protein was 78 kDa upon SDS-PAGE, and on the basis that the fusion protein consists of a 29-kDa GST affinity tail and a 1.8-kDa signal peptide, the size of the secreted CF/chitinase peptide would be 47 kDa. One explanation to account for the difference in size of the native and recombinant antigens is that the former consists of two identical peptides linked by a disulfide bond(s). Since this posttranslational modification does not occur in the bacterial expression system, studies are under way to characterize the recombinant CF/chitinase protein when expressed in a eucaryotic system (27) .
The cloned CF/chitinase cDNA should enable the production of a recombinant antigen for use in the development of an immunoassay for detecting anti-Coccidioides CF antibody. An important question which needs to be addressed is whether the CF-chitinase recombinant peptide bears epitopes that are specific to C. immitis or also expresses epitopes that are shared by other microbial pathogens. Zimmer and Pappagianis (31) reported that sera from two histoplasmosis patients showed weak reactivity with the 48-to 50-kDa band in immunoblots of mycelium-derived culture filtrates. Preliminary studies in our laboratory have also shown that the CF couplet band in blots of CDN and spherulin are recognized by sera from histoplasmosis and blastomycosis patients (3). If cross-reactivity is also detected in assays using the recombinant CF/chitinase with heterologous sera, it may be possible to delete or modify the expression of the shared (cross-reactive) epitopes by recombinant methods.
Chitinase from S. cerevisiae has been shown to have two fates following the posttranslational cleavage of signal peptide (17) . One of these is the association of the enzyme with the chitinous layer of the cell wall; the other is secretion into the growth medium. The CF/chitinase protein of C. immitis appears to have similar fates, as evidenced by its high concentration in growth medium (31) and by its cellular localization in saprobic and parasitic cells when examined by immunoelectron microscopy with the anti-CF MAb (7). In the latter report, the CF/ chitinase protein was shown to have a predominant cytoplasmic location, which would be consistent with the binding of the signal peptide to the endoplasmic reticulum or cytoplasmic vacuoles. The antigen was also detected, albeit at a lesser concentration, in the inner wall layer of the saprobic and parasitic cells, where it most likely plays a key role in growth regulation and the morphogenesis of C. immitis (11, 17) . This possibility can be explored in future studies by using the CF/ chitinase cDNA as a probe for examining the induction and expression of the chitinase gene in the morphogenesis of C. immitis and the factors that regulate gene expression, both in vivo and in vitro.
ADDENDUM IN PROOF
Since the manuscript was reviewed, Pishko et al. (E. J. Pishko, T. N. Kirkland, and G. T. Cole, Gene 167:173-177, 1995) have published the nucleic acid sequence of a gene which they have identified as a chitinase gene (cts1) from C. immitis. The sequence of the cts1 gene is in agreement with the nucleic acid sequence of the CF/chitinase gene reported in this paper.
